We have studied intersubband transitions in InAs/AlSb quantum wells experimentally and theoretically. Experimentally, we performed polarization-resolved infrared absorption spectroscopy to measure intersubband absorption peak frequencies and linewidths as functions of temperature (from 4 K to room temperature) and quantum well width (fiom a few nm to 10 nm). To understand experimental results, we performed a self-consistent 8-band k-p band-structure calculation including spatial charge separation. Based on the calculated band structure, we developed a set of density matrix equations to compute TE and TM optical transitions self-consistently, including both interband and intersubband channels. This density matrix formalism is also ideal for the inclusion of various many-body effects, which are known to be important for intersubband transitions. Detailed comparison between experimental data and theoretical simulations is presented.
INTRODUCTION
Antimonide-based quantum wells formed by three nearly lattice matched binaries, InAs, GaSb, AlSb, and their alloys have attracted much interest due to their wide range of AlSb potential applications in devices such as long wavelength detectors [1, 2] and lasers [3] . Of special interest for optical applications are the extremely large conduction band offsets in InAs/AlSb heterostructures. Due to the large band gap difference and the special band-edge lineups (see Fig. l ), the conduction band well defined by the r-points of the two materials is as deep as 2 eV. Obviously, such a deep well offers great flexibility in realizing intersubband transitions (ISBTs) of a wide wavelength range, i.e., fiom the near-infrared (NIR) all the way to the far-infrared (FIR), or terahertz (THz) region.
It was recently shown theoretically that a proper multi-well design using deep InGaAs-AlAsSb-InP quantum wells allows completely intersubband-based, optically-pumped THz generation [4, 5] . The advantage of such a scheme is that the pumping laser can be another compact semiconductor laser operating at 1.5 pm, instead of a COz laser commonly used for GaAs-based quantum wells. Similarly, InAslAISb quantum wells can be used for intersubband-pumped long-wave generation.
As a first step towards realizing such a THz source, we have conducted a systematic study of optical transitions in InAs/AlSb quantum wells for a wide range of well widths. Specifically, we studied intersubband absorption spectra with varying temperatures and well widths. A large red shift of the ISBT frequency with increasing temperature was observed, which was accompanied by an increase of the ISBT linewidth. To explain these experimental results, we developed a comprehensive theory that includes many-body Coulomb interactions, band structure effects based on an 8-band k-p theory, and line broadening mechanisms due to phonon scattering and interface roughness scattering. As we will demonstrate in the following, this theory explains the experimental results very well. The active region consists of 20 periods of InAs/AlSb quantum wells. The well widths for the 11 samples investigated are indicated in the square box.
EXPERIMENTAL METHODS AND RESULTS
The typical sample structure used in the experiments is shown in Fig. 2 . We grew and measured InAs/AISb multiple quantum wells with various well widths as indicated in experimentally characterized by Fourier-transform infiared (FTIR) spectroscopy (at Rice University). A schematic diagram of the experimental geometry used for multi-bounce, edge-coupled absorption measurements is shown in Fig. 3 . The incident IR beam was linearly polarized and we recorded the p/s ratio of the transmitted beam (only the pcomponent is intersubband-active). . Experimentally measured ISBT spectra for the 4 widest quantum wells. For each well width, absorption was measured at 11 temperatures from 5 K to 300 K FTIR absorption spectra for the four widest wells are shown in Fig. 4 . They exhibit resonances due to ISBTs within the conduction band, Le., E1 + E2. There are a few features that are worth noting. First, for a given well width, the ISBT peak shows a red shift as the temperature is raised. The amount of the red shift depends on the well width and varies for the four samples between 7 meV and 11 meV in the temperature range of 5 K to 300 K. The temperature dependence of the ISBT peak positions is summarized in Fig. 5 . The second feature to note in Fig. 4 is the non-monotonic change of the absorption strength with well width. The absorption peaks for the 8 and 9 nm samples are larger than that for the 7 and 10 nm samples while the 7 nm sample shows the weakest absorption. For wells narrower than 7 nm, we were unable to observe ISBTs. The significant reduction of absorption at 7 nm seems to be a precursor of the disappearance of ISBT in narrower wells. There are a few possible reasons for the disappearance, with the most likely reason being the decrease of electron density in the InAs layer with well width reduction. Note that the samples investigated are not intentionally doped. It is known that a high density of electrons always exists in notintentionally-doped InAs/AlSb heterostructures, whose sources are somewhat controversial. One of the dominating electron sources is deep impurity states in the AlSb barriers [6-81. These impurities lie higher than the ground state of the InAs well for wide wells, making it possible for electrons to transfer from the AlSb layers to the InAs layer. When the well width become narrower, the ground state energy increases and such electron transfer becomes less efficient. It is therefore possible that the ground state energy eventually becomes higher than the impurity level in the AlSb layer, inhibiting any electron transfer from AlSb layers. Other reasons also lead to the decrease of intersubband absorption, such as decrease of the dipole moments and increase of interface roughness scattering with decreasing well width. Ternperatu re (K) FIGURE 5. ISBT absorption peak energy vs. temperature extracted fiom the data in Fig.  4 by Lorentzian fitting near the absorption peak.
THEORY
To design antimonide-based quantum well structures for long wavelength generation and to understand the experimental results summarized above, we developed a comprehensive microscopic theory for InAs/AlSb quantum wells and superlattice structures. In the past, intersubband and other experimental results in this materials system have been dealt with using an effective one-band model with a non-parabolicity parameter [9] , or an 8-band model that was also used to derive various transition matrix elements [ 101. Another important aspect of intersubband transitions is concerned with many-body effects. While it has long been recognized that various many-body effects, such as depolarization and excitonic shifts, are important for ISBTs [11, 12] , systematic treatment and study of those effects have become available only recently [13, 14] . The early theory by Ando [ 1 11 led to simple resonance frequency shifts due to depolarization and excitonic effects, denoted by a and p, respectively. While this formula is simple and powerful, it is applicable to parabolic bands only. Furthermore, it cannot explain the cancellation of the entire exchange contribution when applied to an exactly twodimensional system with a parabolic band. This is also true for other later generalizations of Ando's theory to non-parabolic cases. A more systematic approach based on Green's function was taken by Huang et al. [ 141, where all major many-body effects were treated on more equal footings. This treatment was done for an effective one bulk-band model. In our treatment, we base our approach on the density matrix formalism that has been well established over the past decade for interband semiconductor optics [ 15, 161 . The theory, known as semiconductor Bloch equations, allows a systematic approximation of scattering terms, which are important for describing dephasing and linewidth. Our theoretical treatment combines band structure calculations with such a microscopic many-body theory.
For band structure calculations, we adopt the standard 8-band k.p theory with the Hartree self-consistent potential. The electron wave function can in general be written as where the Bloch functions for the 8 band at the r-point and the corresponding envelope functions are given respectively by Next, the many-body Hamiltonian is expressed in terms of annlhilation and creation operators a n , k and a + n , k . The remaining derivation of the equation of motion is straightforward and same as in [15, 16] . A set of equations is finally derived for the population variables f, ( k ) = ( a + n , k a n , k ) and for the polarization variables pim ( k ) = (LZ'l,kG',,,, is the linear susceptibility, which is given are the electric field and vacuum and background semiconductor by This expression contains all three major many-body effects that are important for the intersubband transitions. They are the so-called depolarization effect represented by Q" j i (w) , the exchange interaction induced self-energy: A j k , which modifies the band structure ( E ' j k ) , and the vertex or "excitonic" effect, evil. The linewidth r j , l in our current treatment includes phonon scattering and interface roughness scattering.
MANY-BODY EFFECTS IN INTERSUBBAND TRANSITIONS
As we mentioned in the last section, there are three major many-body effects known in intersubband transitions in quantum wells. The exchange interaction leads to two opposite shifts. Both the self-energy correction and vertex terms are due to the exchange interaction. While the former leads to a blue shift, the latter leads to a redshift. The results of the interplay among these many-body effects in general are complicated, especially for materials with strongly non-parabolic bands, such as I d s .
absorption spectra for a 10 nm InAs/AlSb quantum well are plotted. Here, to compare and identify individual effects, we artificially turned on and off some effects and the resulting absorption spectra are shown in five separate panels, Figs. 6(a)-6(e). Figure   Such a complicated interplay is demonstrated in Fig. 6 , where intersubband 6(a) shows the single-particle intersubband absorption spectrum without including any many-body effects. As expected, the spectrum is broad and asymmetric and has a flat top. What is interesting here is that the spectrum is broadened to the high frequency side, instead of the low frequency side as expected from non-parabolicity. We attribute this behavior to phonon scattering, the rate of which is k-dependent. Adding the self-energy correction due to the exchange interaction leads to a blue shift, as shown in Fig. 6(b) . We see that the spectral lineshape is almost unchanged from (a), except that it is more broadened and blue shifted. The spectrum becomes broader due to k-dependent self-energy. The quite large blue shift is due to a downward shift of the lowest subband, which is populated, while there is almost no shift of the first excited state (second subband), which is not populated.
As is well known and shown in Fig. 6(c) , adding the depolarization effect leads to a further blue shift. However, in addition, the Zine becomes even broader. This is different from the common belief that the depolarization effect collapses the spectrum into a very narrow peak [ 101. Even though we do see this collapse in some other cases, the situation in general is more complicated. We will leave a more complete discussion of this phenomenon to a fbture publication [ 171. and the result is shown in Fig. 6(d) (the depolarization effect is not included here). We now see a significant narrowing of the absorption line. At the same time, the peak is shifted to the red side. By comparing Figs. 6(c) and 6(d), we can clearly see the separate roles played by the depolarization effect and vertex correction. It is the vertex correction, rather than the depolarization effect, that collapses the very broad spectrum into a narrow, exciton-like peak. At the same time, the absorption strength increases quite significantly. The position of this peak is between the low energy edge of the single-particle spectrum (a) and that of the self-energy-corrected spectrum (b), not at the low energy edge of the self-energy-corrected spectrum as one might expect as a signature of the Fermi edge singularity.
Finally, the full many-body spectrum is obtained [ Fig. 6(e) ] by including the depolarization effect to the result of Fig. 6(d) . We see that the full many-body spectrum is more similar to that in (d) than that in row (c) both in peak position and spectral shape. This also suggests that many-body effects in this situation are dominated by the vertex term. Another important fact is that there are some cancellations; the final spectrum does not show the huge blue shift shown in (c). To compare the single-particle spectrum with that of full many-body, we copied the single-particle spectrum of (a) to (e) (the dashed line). We clearly see that the overall many-body effects in this case are to increase the absorption peak and move the spectrum slightly to the blue side.
Next, we add only the vertex and self-energy corrections to the free-carrier model
THEORY-EXPERIMENT COMPARISON
As a first step towards understanding experimental ISBT absorption spectra, we computed the band structure of confined states in InAs/AlSb quantum wells at different temperatures. The difference in band-edge energies, E12, of the first two subbands is plotted in Fig. 7 as a black curve. We see that it increases with increasing temperature, opposite to what was observed experimentally (Fig. 5 ). Next we computed simple absorption spectra by assuming a Lorentzian lineshape with a width of 6 meV (red curve) or 12 meV (blue curve) and plotted the peak position versus temperature. In both cases, we still see a blue shift, contrary to the red shift seen in the experiment. The main reason for the blue shift is the decrease of the effective mass with increasing temperature. The standard Kane theory relates the band edge effective mass with the band gap. As the temperature is raised, the band gap decreases according to the Varshni formula, leading to a significant decrease in effective mass. Such a significant reduction in effective mass leads to an increase in energy difference of the first two states. However, such a mass reduction seems to be inconsistent with experimental measurements. Experimentally, it is well known that measured temperature-dependent mass changes are very small, totally inconsistent with what is predicted fi-om temperature dependent band gaps [ 181. It turns out that the red shift of CSBT peak position with increasing temperature is a quite delicate issue. Similar red shifts have been observed in GaAdAlGaAs systems [ 191 and studied quite extensively by Manasreh et al. [20] . The red shifts observed in most experiments for GaAs are much smaller (about 3-4 m e 9 than in our experiments for InAs (with one exception [21] ). This difference is related to the much smaller non-parabolicity in GaAs, but a full discussion of such a red shift needs to include many-body effects [ 141. For InAs/AlSb quantum wells, there is an added complication due to temperature-dependent carrier densities [6-81. Unfortunately, the issue of density change with temperature is still an unsettled issue. In the following, we will fix the density when varying temperature. For the band edge mass change with temperature, we used experimentally measured data [ 181 instead of the Kane theory. In Fig. 8 , calculated spectra at four different temperatures are shown (upper panel) together with the experimentally measured spectra (lower panel). The calculated spectral features agree with the experimental data quite well, including the peak position shifts with temperature and the linewidth change. However, the change of peak values of the absorption with temperature shows some deviation from experiments. For example, the peak values measured experimentally for 100 K and 180 K are almost the same, while the theoretical values are quite different. We believe that this is due to the inappropriate treatment of carrier density change with temperature. In Fig. 9 , we compare theory and experiment on the temperature dependences of linewidth and peak frequency for the 10 nm InAs/AlSb quantum well. In the theoretical calculation, we also included the LO phonon and interface roughness scatterings in addition to a 0.2 meV homogeneous linewidth. We use Ando's model to take into account the interface scatterings [22] . This model uses two phenomenological constants to describe the magnitude of the interface roughness (A) and correlation length (A) of interface fluctuation. In our modeling, we use the values of 0.4 nm and 6.1 nm for A and A, respectively. These values are similar to those determined by comparing with experiments in this material system [23] . As we can see clearly in Fig. 9 , a quite good agreement is achieved. There is only a slight difference near the low temperature end.
CONCLUSIONS
We have systematically studied intersubband transitions in InAs/AlSb quantum wells with varying temperatures and well widths. The peak frequency decreased with increasing well width and temperature. The decrease with temperature was much larger than what has been observed in GaAs quantum wells. To explain the observations, we developed a comprehensive theoretical model that includes all major many-body effects in combination with an 8-band k-p band structure calculation. The theory allows us to study various many-body effects systematically and self-consistently. We observed very interesting interplay of these individual many-body effects. Finally, our theory satisfactorily explains the red shift of the peak position and the increase of linewidth with increasing temperature. A detailed theory-experiment comparison on the temperature dependence of electron density will allow us to develop a more complete understanding of InAs/AlSb quantum wells and a more complete theory with predictive power. Such a theory and the related understanding will allow us to fully explore this materials system in many areas of device applications.
